The collapse and revival of quantum states appear in diverse areas of physics. In quantum optics the occurrence of such a phenomena in the evolution of an atomic state, interacting with a light field initially in a coherent state, was predicted by using the Jaynes-Cummings model (JCM), and subsequently demonstrated experimentally. In this paper we revisit the JCM with the Monte-Carlo wave function approach and investigate the time evolution of the photon emission rate of the atom in a cavity. Analytical and numerical quantum trajectory calculations show that the cavity and the initial field statistics strongly influence the photon emission dynamics. A coherent field indeed gives rise to a collapse and revival behavior that mirrors atomic state evolution. However, there are differences between the two. The emission rate for a field in a Fock number state exhibits a sinusoidal oscillation, and there exists a quiescent period for a thermal field. These properties are quite different from those in free space. It is also shown that the fluctuation in photon emission is much less than that of the atomic population.
I. INTRODUCTION
The collapse and revival of quantum states by either forced or self-regulated processes is a fascinating phenomena with a long history. Hahn discovered spin echo [1] in 1950, and photon echoes were detected at optical frequencies in mid 1960s [2] . Analogous echo phenomena can be found in vibrational spectroscopy [3] and in the dynamics of an atomic matter wave in a light field [4, 5] . Echo techniques are of great interest in quantum computing and quantum state engineering applications where maintaining coherence is a critical requirement [6] . The time evolution of the population inversion of a two-level atom (TLA) interacting with a single-mode light field, as modeled by the JC Hamiltonian [7] , also shows the collapse [8] and revival behavior when the atom interacts with a field that is initially in a coherent state [9, 10] . The JCM, despite simplicity and age, still provides a fertile ground for testing foundations of quantum theory and prototyping practical applications [11] .
Previously, we approached the JCM with a viewpoint based on the Monte-Carlo Wave Function (MCWF) method [12] , and found that a TLA interacting with a field initially in a number state emits (and absorbs) photons with a unique counting statistics [15] . In this paper, we revisit the JCM with fields in coherent and thermal states in addition to the number state. The goal is to examine what effects the field statistics has on emitted photons, rather than the usual atomic state dynamics. In the next section, we briefly describe our adaptation of the MCWF method, and after that, results of MCWF simulations are given along with a quantum trajectory analysis on the results. Finally, the main discoveries and further discussions are given in Conclusions section. * coolcjl@sunmoon.ac.kr; Tel:+82-041-530-2243
II. MCWF METHOD FOR PHOTON EMISSION

A. MCWF approach for the JCM dynamics
We consider a fully-quantized Hamiltonian for a system of a TLA interacting with a single mode field in a lossless cavity. The Hamiltonian considers only the internal energy, neglecting the center-of-mass motion of the atom. With the use of the rotating-wave approximation for the interaction between the TLA and the quantizedfield, the total Hamiltonian is given by:
In the above, ω 0 = (E e − E g )/ is the frequency between the upper and the lower states of the atom, |e and |g . The frequency of the field is ω, and a and a † are the field annihilation and creation operators, respectively, with the Fock number state being the eigenstate of the photon number operator, a † a|n = n|n . The Pauli matrices σ z , σ ± are operators for the atomic population and transitions
and Ω 0 is the vacuum Rabi frequency for the atom-field interaction. The evolution of the TLA-field system is governed by
In case that the atom is initially in the upper state and the field in the number state |n , namely |ψ(0) = |n, e , the transition probability of the system to |n + 1, g is given by [13] where Ω n = Ω 0 √ n + 1 is the n−photon Rabi frequency, Ω eff = (∆ω) 2 + Ω n 2 , with ∆ω = ω 0 − ω being the detuning. We are not interested in the effects of detuning in this paper, so we will set it to zero: ∆ω = 0. In that case Eq. (3) simplifies to
and the probability of transition to the upper state is P e (t) = 1 − P g (t). For a general initial field state with a photon number distribution p n (0), the probability of transition to the upper state at resonance becomes
Our MCWF approach is described in detail in Refs. [14, 15] , so we will give only an outline here. In the MCWF approach, the system is in the superposition state, Eq. (2), before a measurement is made, and the measurement causes the state jump to either |n, e or |n + 1, g . The algorithm to simulate the reduction of the state may be summarized as follows: (a) If P e (t m ) > r m , the quantum jump |ψ(t) → |n, e occurs.
(b) If P e (t m ) < r m , the quantum jump |ψ(t) → |n + 1, g occurs.
The procedure is to be repeated many times, then the simulated population should approach the analytical value obtained by Eq. (5). An important benefit of the MCWF approach, unlike conventional treatments [16] , is that it provides a means to connect the atomic evolution with photon absorption and emission dynamics, by unraveling macroscopic observations in terms of the dynamics of individual quantum trajectories. For example, the photon emission probability in the time interval (t m−1 , t m ] for a quantum trajectory is given by the joint probability
A typical quantum trajectory that gives rise to a photon emission in the time interval (t m−1 , t m ] is depicted schematically in Fig. 1 . 
B. MCWF Simulation Results
We consider three initial field states to study the dependence of the atom-field dynamics on the field statistics-number, coherent, and thermal states. The latter two fields have the following photon number distributions:
In these simulations we chose a moderate value for the photon number n = 15 for the number state and the average photon numbern = 15 for other field states. The Rabi cycle (for the coherent and the thermal fields, the average Rabi cycle, Ωnt = 2π) was divided into N = 10 4 segments, and the vacuum Rabi frequency Ω 0 was adjusted accordingly. The infinite sum appearing in Eq. (5) was truncated at the highest photon number n max for which p nmax (0) is less than 10 −3 of the peak value of either of the distributions. Thus, forn = 15 the sum was truncated with 32 and 108 terms in the summation for the coherent and the thermal states, respectively.
The simulated emission rates from Eq. (6) are given in Fig. 2 . For the simulation 10 5 trajectory calculations are performed for the duration of 10 Rabi cycles for each field state. We can immediately see the effects of the cavity on the emission dynamics as compared to free space. The number state shows two sinusoidal oscillations per Rabi cycle with an amplitude corresponding to 1/4 of the total number of trajectories used. This oscillatory behavior is understandable, because at about t = 0 the atom does not have enough interaction time to cause emission, despite all the atoms are initially prepared to occupy the upper state. Also, the emission rate is the lowest at about 1/2 Rabi cycle, because at this time almost all the atoms are at the lower state. At 1/4 and 3/4 Rabi cycle, the atom has a 50% probability to be in either the upper or the lower state, so the transition rate is the maximum there [15] . In the case of the coherent field the oscillation is quenched at about three Rabi cycles, and after that we see a collapse of the photon emission rate similar to the case of atomic population. The collapse time arrives much sooner for the thermal photons. A remarkable fact is that the emission rates collapse to 1/4, the ceiling value, rather than to the middle region of the 'oscillations' as in the atomic population dynamics.
In order to understand this behavior we note that t m−1 → t m as ∆t → 0, so we arrive at an asymptotic expression for the emission rate:
With the analytic expression, Eq. (8), we can afford to investigate the long-time behavior of photon emission. Equation (8) was numerically evaluated with the highest n values in the sum determined above, keeping all other parameters the same. In Figs. 3 and 4 the atomic population and the photon emission dynamics for the coherent and the thermal fields are compared up to 100 Rabi cycles. The results agree well with the corresponding simulations given in Fig. 2 .
It is evident that for the coherent state the photon emission dynamics, in addition to the usual atomic population, also has a collapse and revival behavior. We also observe that the collapse and revival periods mirror those of the atomic population. However, the photon emission dynamics has more rapid oscillations and spends in the collapsed state longer as compared to the atomic population dynamics. These observations may be attributed to the fact the oscillation frequency in Eq. (8) is effectively twice bigger than that in Eq. (5). The ceiling value of the photon emission rate is still 1/4, which is essentially the average emission rate, cos 2 Ω n t/2 · sin 2 Ω n t/2 . For the thermal field the atomic population goes into a chaotic dynamics after a brief irregular oscillation, while the photon emission rate quickly reaches the uniform ceiling value till about 10 Rabi cycles and then goes into a   FIG. 3 . Long-time behavior of the atomic population (top) and the photon emission (bottom) dynamics for the field initially in a coherent state, calculated using the analytic expressions, Eqs. (5) and (8) . Note the difference in vertical scales. Fig. 3 for the field initially in a thermal state.
FIG. 4. Same as in
chaotic regime without any sign of revival. Nonetheless, we note that the fluctuation of the photon emission rate is much smaller than that of the atomic dynamics.
III. CONCLUSIONS
In this paper we considered the dynamics of a coupled TLA-field system in a cavity, using the JCM from the MCWF viewpoint. The effects of the statistics of the initial light field on the dynamics of the atomic population and the photon emission were investigated. The simulation regained the familiar behavior for the atomic dynamics, for example, the collapse and revival behavior for the coherent state. More importantly, this approach enabled us to extract information on the photon emission dynamics as well, by unraveling the ensemble dynamics in terms of individual quantum trajectories. With the quantum trajectory approach, in addition to the simulations, we also obtained an analytical expression for the photon emission process that is useful for investigating long-time behavior, which is very expensive to carry out by means of simulations alone. For the coherent field in a cavity, we found that the photon emission dynamics also exhibits a series of collapses and revivals that mirror the behavior of the atomic dynamics. However, the oscillations and the collapses are not about the halfway between the maximum and minimum as in the case of atomic population, but has a ceiling value of 1/4. Photon emission for the thermal field also collapses to the same ceiling value, but shows no revival behavior. For both fields, the fluctuation in photon emission rate is seen to be much less than that in the atomic population dynamics.
The collapse region is of interest, since it may be useful for obtaining 'quiet' light, by opening the cavity during this period. With the quantum trajectory approach, it is also possible to delineate the effects of initial fields on the emitted photon counting statistics in a cavity. Work along these lines are in progress.
